We designed and fabricated a polarization splitter-rotator (PSR) on a siliconon-insulator (SOI) platform based on an asymmetric directional coupler. The asymmetric directional coupler consists of a regular strip waveguide and a sub-wavelength grating (SWG) waveguide. The SWG waveguide used in the design provides the freedom to engineer the dispersion properties of the supermodes, which allow the design to be fabrication tolerant to the waveguide width variations. A measured peak polarization conversion efficiency of −0.3 dB and crosstalks below −10 dB were achieved. The designed SWG PSR has a compact size of 35 μm × 5 μm.
Introduction
Due to the high index contrast provided by the silicon-on-insulator (SOI) platforms, optical modes can be highly confined within small silicon wire waveguides. Such wire waveguides have typical dimensions on the order of a few hundred nanometers, which makes SOI an excellent platform for photonic integrated circuits (PICs). However, the index contrast and aspect ratio of SOI waveguides result in a large modal birefringence. This birefringence makes SOI PICs incompatible with optical fiber systems that use non-polarization-maintaining (PM), single mode fibers, in which the polarization state of the optical modes at the outputs of the fibers can change randomly. Polarization splitter-rotators (PSRs) have been used to construct polarization-insensitve PICs [1] in the strong confinement limit. Mode-evolution-based PSRs have been demonstrated [2] - [6] , in which the fundamental transverse magnetic TM 00 mode was first converted to the first order transverse electric TE 01 mode, and then, the TE 01 mode and the fundamental transverse electric TE 00 modes were coupled into the TE 00 modes of two separate waveguides, using an asymmetric directional coupler [2] , an asymmetric Y-branch [3] , [4] , a phase-shifted Y-branch and an MMI [5] , or a adiabatic coupler [6] . The mode-evolution-based devices are less sensitive to fabrication imperfections and have broad operating bandwidths, but at the cost of large device footprints, typically on the order of a few hundred micrometers. Mode-coupling-based devices are more compact in size [7] , [8] , but the requirement of phase-matched modes makes such devices sensitive to both fabrication imperfections and wavelength. Sub-wavelength gratings (SWG) structures, with the flexibility to engineer both the index and dispersion properties of SOI photonic devices have been used in various applications [9] , and a mode-coupling-based SWG PSR has been theoretically proposed [10] , where SWGs were used to reduce the sensitivity to manufacturing variations of the waveguides widths. Although improved stability was quoted as the advantage of such device, the effects that induces the greatest variability, i.e., change in the fill factor of the SWG waveguide and the gap between the waveguides were ignored. In addition, the SWG taper and S bend waveguide used in [10] were much larger than the PSR itself, which significantly increases the overall size of the proposed device.
In this paper, we extended the idea proposed in [10] . First, we explore the fabrication tolerance of our SWG PSR to various parameter variations, including the gap variations between the waveguides and the fill factor variations of the SWG waveguide; second, we designed a high-efficiency and compact SWG taper that couples the optical modes from the SWG waveguide in our PSR into a strip waveguide without significant increase of the device footprint; third, we engineer the SWG PSR for broader operating bandwidth; fourth, the designed SWG PSR were experimentally demonstrated. In addition, an efficient modelling methodology based on the finite-difference time-domain (FDTD) band structure calculations are used in this paper to design the coupling section of our SWG PSR, which dramatically reduced the computation time and design effort as compared to brute-force simulations of the full device using 3-D finite difference time domain (FDTD) simulations.
Design Methodology and Simulations
A schematic of our SWG PSR is shown in Fig. 1 , which consists of three parts: a coupling section consisting of two parallel waveguides, one strip waveguide with a width W A , and an SWG waveguide with a width W B , which is separated by a gap g, an SWG taper which couples the light from the SWG waveguide into the strip waveguide, and an S bend waveguide which decouples the two output waveguides. The SWG waveguide consists of SWGs with period and fill factor ff , which is defined as the ratio of l to , as shown in Fig. 1 . Our SWG PSR was designed for an SOI platform having silicon layers of 220 nm on a 3 μm buried oxide, such is used by many Multi Project Wafer (MPW) foundries [11] . The SWG PSR demonstrated in this paper is designed for an operating wavelength, λ, of 1550 nm. The design of our SWG PSR was carried out by following a four-step process, as described below.
In the first step, we calculated the effective index of the TM 00 mode, n eff-TM , for the strip waveguide as a function of W A , which is denoted by the blue curve shown in Fig. 2(a) . The dimensions of the strip waveguide we used was 450 nm × 220 nm, which had n eff-TM = 1.545 at 1550 nm. n eff-TM as a function of λ is denoted by the blue curve shown in Fig. 2(b) . In the second step, we treated the SWG waveguide as an equivalent wire waveguide with a refractive index of n B and a width of W B . The effective index of the TE 00 mode for the equivalent waveguide n eff-TE was calculated as a function of W B and n B using MODE Solutions [13] . An equivalent wire waveguide was then found that had the same n eff (i.e., n eff-TE = n eff-TM ) and slope of n eff (i.e., δn neff-TE /δW B = δn neff-TM /δW A ) at 1550 nm as the TM 00 mode of the strip waveguide that we calculated in the first step. This equivalent wire waveguide had an n B = 2.43 and a W B = 670 nm. The simulated n eff-TE as a function of W B for this equivalent wire waveguide is denoted by the red curve in Fig. 2(a) . n eff-TE as a function of λ for the equivalent wire waveguide is denoted by the red curve shown in Fig. 2(b) , which is phase-matched with n eff-TM at 1550 nm. Due to the fact that the n eff for the strip and the equivalent wire waveguides have the same slopes, the phase-match condition will be preserved if the waveguide widths are changed by the same amounts during fabrication. For comparison purposes, we also plot the n eff-TE as a function of λ for a strip waveguide that is phase-matched with n eff-TM , which is denoted by the dash line shown in Fig. 2 (b). It can be seen from Fig. 2 (b) that the wavelength dependant effective index difference, δn eff (λ) = n eff-TM (λ) − n eff-TE (λ), is reduced by using the equivalent wire waveguide, which results in a broader operating bandwidth for our PSR. Here, in the first two steps, we used the phase-match condition of the two local normal modes in the strip and the SWG waveguide to obtain preliminary design parameters for the SWG waveguide given the dimensions of the strip waveguide. The design will be further optimized using supermodes theory, which will be presented below.
In the third step, we determined the and the ff of the SWG waveguide based on the n B we obtained from the previous two steps. FDTD band structure calculations were used to obtain the band diagram of the SWG waveguide [12] , from which we extracted n eff-TE as a function of λ for the SWG waveguide. For these calculations, we used FDTD Solutions [13] . We set = 300 nm in our simulation and by varying ff, we obtained SWG waveguides equivalent to wire waveguides with various values of n B . In our case, ff= 0.5 for n B = 2.43. The field distributions of the first three supermodes for the two waveguide systems comprising our SWG PSR are shown inFig. 3, where the red dash lines denote the edges of the waveguides and the top of the buried oxide layer. Due to the fact that the supermodes are hybrid modes and have electric fields in both the X and Y directions, we refer to the first three supermdoes as E In the fourth step, we calculated the length of the coupling section for the PSR. When the TE 00 mode was launched into the two waveguide system, it coupled to the highly asymmetric E xy 0 mode (shown in Fig. 3(a) and (b) ), in which the power was primarily confined to the strip waveguide and which propagated to the output of the two waveguide system with minimum power in the SWG waveguide. When the TM 00 mode was launched into the two waveguide system, it coupled into both the E xy 1 (shown in Fig. 3(c) and (d) ) and the E xy 2 (shown in Figs. 3(e) and (f)) modes in nearly equal portions so that after propagating one beat length, or L π , in the two waveguide system, the Y-polarized electric fields in the two modes destructively interfered on the strip waveguide side of the two waveguide system while the X-polarized electric fields constructively interfered on the SWG waveguide side of the two waveguide system. The effective indices of the E xy 1 and the E xy 2 modes, n eff,1 and n eff,2 , as functions of λ are shown in Fig. 4 . The length of the coupling section for our SWG PSR is equal to L π of the E xy 1 and the E xy 2 modes, which was calculated using
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A high-efficiency, space-efficient SWG taper is required to couple the optical mode from the SWG waveguide into the strip waveguide. As shown in Fig. 5 , our SWG taper consists of two parts: SWGs with period, t , and fill factor, ff t = l t / t and tapered bridge sections connecting the SWGs. In order to suppress the reflection at the interface of the SWG waveguide and the SWG taper, we used = t and ff = ff t in our design. The widths of the SWGs comprising the taper linearly decreased from W B = 670 nm to W A = 450 nm. The bridge sections were used between the SWGs to assist the coupling and suppress the reflections between adjacent SWGs. The widths of the bridge sections were linearly increased from t 1 to W A , where t 1 is the minimum feature size provided by the fabrication process. In our case, t 1 = 60 nm. We used an SWG taper with 30 periods, which had a simulated insertion loss (IL) of about 0.02 dB over the wavelength range from 1500 nm to 1600 nm. The test structure of our design were fabricated using electron beam lithography, which has an achievable minimum feature size of about 40 nm. In order to make the structure compatible with the Complementary Metal-Oxide-Semiconductor (CMOS) lithography via MPW foundry services [11] , which have minimum feature sizes of about 100 nm, t 1 can be increased at a cost of larger ILs. For t 1 = 100 nm and other parameters stay the same, the simulated IL of the taper increased from 0.02 dB to 0.04 dB over the wavelength range from 1500 nm to 1600 nm. Finally, the full structure of the designed SWG PSR, with the design parameters shown in Table I , wasverified using 3-D FDTD simulation, maintaining the SWG structure in the simulation and using SWG taper described above. The S bend waveguide used in the simulation had a height of 3 μm and a length of 5 μm. For the TE 00 mode input, we define the IL at P 1 (shown in Fig. 1 ) as IL TE-TE = P 1 out,TE /P in,TE and the crosstalk at P 2 (shown in Fig. 1 ) as XT TE-TE = P 2 out,TE /P in,TE . For the TM 00 mode input, we define the polarization conversion efficiency (PCE) at P 2 as PCE TM-TE = P 2 out,TE /P in, TM and the crosstalk (XT) at P1 as XT TM-TM = P 1 out,TM /P in,TM . The most important figures-of-merits (FOM) for a PSR are the IL TE-TE and the PCE TM-TE , which are shown inFig. 6(a). The simulated PSR has a negligible IL TE-TE , a peak PCE TM-TE of −0.46 dB at 1550 nm with a 1 dB bandwidth in excess of 80 nm. The simulated crosstalks, XT TM-TM and XT TE-TE , of the designed PSR are shown in Fig. 6(b) . From Fig. 6(b) , we can see that the XT TE-TE are below −15 dB in the wavelength range from 1500 nm to 1600 nm, while the XT TM-TM is below −15 dB around 1550 nm and increases as λ approaches the shorter and longer wavelengths. According to [14] , the maximum fraction of power that can be transferred is determined by [14] :
where κ is the coupling constant, and 2δ = (β a + M a ) − (β b + M b ). β a and β b are the propagation constants for a particular guided mode of waveguide a alone and a particular mode of waveguide b alone. M a and M b represent a small correction to the propagation constants β a and β b , respectively. In our case, β a and β b denote the propagation constants of the TM 00 mode of the strip waveguide and the TE 00 mode of the SWG waveguide, respectively. From (2), we can see that in order to achieve a small crosstalk, a small δ is preferred. Due to the fact that β a and β b are only phasematched at 1550 nm, so δ is smaller near 1550 nm than the other wavelengths, which leads to the wavelength dependant XT TM-TM shown in Fig. 6(b) . The fabrication tolerance of the designed SWG PSR has also been explored. The silicon layer thickness variation in the X direction as shown in Fig. 1 is denoted by δW X and the variations in the other two dimensions is denoted by δW YZ . δW X is chosen based on the wafer uniformity used in the fabrication; we used SOI wafers with silicon layers of 220 nm on a 3 μm buried oxide, provide by SOITEC, which has a guaranteed 3σ = ±10 nm [15] , but can have an average thickness other than 220 nm. In our experience, the average thickness of the silicon layer can vary by ±15 nm. Hence, we used a variation range of 220 ± 20 nm to include the worst possible situation in our simulations. When we explored the design tolerance to δW YZ , we used ±δW YZ = ±δW A = ±δW B = ∓ 1 2 δg = ±δl = ±δl t to mimic the situation expected during fabrication. The simulated PCE TM-TE as functions of δW X and δW YZ are shown in Fig. 7 as the green and the red curves, respectively. As discussed earlier that the designed SWG PSR has a high tolerance to δW A and δW B , which is achieved by designing the SWG waveguide to maintain the phase-match condition as the waveguide width varies. It has been reported in [10] that, in order to maintain the PCL better than −1 dB at the central wavelength of 1550 nm, the required waveguide width variation for the SWG based PSR and the strip waveguide based PSR are ±40 nm and ±3 nm, respectively. The simulation results reported in [10] was better than the results shown in Fig. 7 , which is due to the fact that the SWG PSR in [10] was simulated using the eigenmode expansion method, where the SWG waveguide was simulated as an equivalent wire waveguide with a virtual refractive index and the variations in the propagation direction, i.e., Z direction, as shown in Fig. 1 , was not included in the simulation. From Fig. 7 , we can see that in order achieve a decrease of PCE under 1 dB, the dimension offset need to be controlled within ±5 nm. Therefore, we think the reduced PCE TM-TE caused by δW YZ is mainly the result of the variations in the Z direction, i.e., the ff variation, which has a strong impact on the coupling strength of the designed SWG PSR. Furthermore, we investigated the central operating wavelength shift of our SWG PSR as a function of δW Z , and a shifting rate of about 1.5 nm/nm with respect to δW Z was obtained, where a significant improvement has been observed as compared to the strip waveguide based PSR [7] . In addition, the bandwidth of our SWG PSR has been improved by about 50% as compared to the previous design [7] , which is resulted from using an SWG waveguide in the design.
Fabrication and Measurement
Test structures of the designed PSR, with design parameters shown in Table I , using broadband sub-wavelength grating couplers as the input/output (IO) [16] , were fabricated by electron beam lithography [17] using a JEOL JBX-6300FS system, operating at 100 keV energy, with an 8nA beam current and a 500 μm exposure field. The mask layout of the test structures are shown in Fig. 8 . Due to the fact that grating couplers are polarization sensitive, we designed grating couplers with the same incident angles to couple the TE 00 and the TM 00 modes into the test structures, respectively. For calibration purposes, grating coupler pairs were put next to the test structures of our SWG PSR. The test structures shown in Fig. 8(a) were used to measure IL TE-TE and XT TE-TE , and the test structures shown in Fig. 8(b) were used to measure PCE TM-TE and XT TM-TM . Scanning electron microscope (SEM) images of a fabricated SWG PSR are shown in Fig. 9 . To characterize the devices, a custom-built test setup [18] was used. An Agilent 81600B tunable laser was used as the light source and Agilent 81635A optical power sensors were used as the output detectors. A wavelength sweep from 1500 nm to 1600 nm in 10pm steps was performed.
The measured transmission spectra of a fabricated SWG PSR is shown in Fig. 10 , where the ILs from the input and output grating couplers have been calibrated out. The measured IL TE-TE and PCE TM-TE are denoted by the blue and red curves shown in Fig. 10(a) , respectively. We can see that the central operating wavelength of the tested structure is around 1535 nm, which results from the fabrication imperfections. Specifically, the blue shift of the central operating wavelength was due to the fact that the ff of the measured device was larger than the designed value. When the fabricated ff is larger than the designed value, the n eff-TE of the fabricated SWG waveguide is larger than the n eff-TM of the strip waveguide. From Fig. 2(b) , we can see that the slope of n eff-TM for the Fig. 9 . SEM images of a fabricated SWG PSR with zoom in images of the coupling section, the SWG taper, and the S bend waveguide. strip waveguide is larger than that of the n eff-TE for the SWG waveguide. Therefore, the phase-match condition can be only realized at a wavelength shorter than the designed value. Similarly, when the fabricated ff is smaller than the designed value, the phase-match condition will be matched at a wavelength larger than the design value. The measured SWG PSR had an IL TE-TE close to 0 dB over most of the wavelength range from 1500 nm to 1600 nm, and the ripples shown in the curve was caused by the non-uniformity of the grating couplers. The fabricated SWG PSR had a peak PCE TM-TE of −0.3 dB at 1538 nm and a 1 dB bandwidth over 50 nm. The measured PCE is even higher than the simulation values as shown in Fig. 6 , which was caused by the non-uniformity of the grating couplers used in our test structure. The measured crosstalks of the SWG PSR are shown in Fig. 10(b) by the red and blue curves, respectively. The XT TE-TE is below −15 dB for most of the wavelengths range from 1500 nm to 1600 nm, and the XT TM-TM is below −10 dB over the wavelength range from 1503 nm to 1588 nm. A fluctuation was observed in the TE-TE Cross spectrum show in Fig. 10(b) , which is caused by the Fabry-Perot cavity effect. To identify the cavity, we estimated the cavity length based on the free spectrum range (FSR), which is measured from the spectrum shown in Fig. 10(b) , and the group index of the TE 00 mode for the SWG waveguide, which is calculated using an eigenmode solver. The measured FSR is about 50 nm, and the group index of the TE 00 mode of the SWG waveguide near 1550 nm is about 2.4. The cavity length is calculated to be about 20 μm, which is close to the L π of our PSR. Therefore, we think the fluctuation was caused by the cavity formed by the coupling section of our PSR. Such an fluctuation was not observed in the simulated spectrum because we used perfect matched layer (PML) as the boundaries in our simulation, which absorb light waves (both propagating and evanescent) with minimal reflections.
Conclusion
In this paper, we have experimentally demonstrated a compact SWG PSR for an SOI platform with a peak PCE TM-TE of −0.3 dB, crosstalks below −10 dB near the central operating wavelength, and a 1 dB bandwidth over 50 nm. The designed SWG PSR had a compact size of about 35 μm × 5 μm, which was achieved by using a space-efficient SWG taper with a length less than 10 μm. The fabrication tolerance of the designed SWG PSR to the waveguide width variations have been improved, and the fabrication tolerance to the dimension variations and wafer thickness variations have been presented.
